Modifications are made in the inherent flaw model to predict the tensile fracture strength of cracked composite laminates. A simple relation is used for the inherent flaw length to improve the accuracy while evaluating the fracture strength of laminates. A quartic (fourth-order polynomial) equation is developed for the fracture strength of an infinite width plate containing a crack. This model is successfully applied to centre crack tensile specimens of graphite/epoxy and nylon/glass polyamide.
1.INTRODUCTION
One of the best recognised applications of Linear Elastic Fracture Mechanics to composites on the macroscopic scale is that of Waddoups, Eisemann and Kaminski [1] , the WEK-fracture models. The development of the proposed models was motivated by experimental results revealing a paradox in the fracture behaviour of [0/90] S graphite/epoxy laminate containing stress risers and subjected to fatigue loading: namely, that post-fatigue residual strength was equal to or greater than the static strength of similar specimens. In other words, the subject material, although statically brittle, did not show any propensity for the nucleation and growth of through-cracks that is exhibited in metals.
The concept of an intense energy region at the tip of a crack has been applied by WEK for the case of composite laminates containing a straight crack of length 2c. The isotropic stress intensity factor (K Q¥ ) is given by where s N ¥ is the critical stress.
Similar to the Irwins plastic zone correction applied in metals, the assumption of the existence of an intense energy region of length, a c , results in the following equation at failure:
where a c is the crack tip damage size at failure. In other words, ( c + a c ) is an effective halfcrack length. For the case of unnotched specimens, the notched strength equals the unnotched strength and equation ( 2 ) becomes:
Thus, a c can be considered equivalent to the halfcrack length of an inherent flaw. Accordingly, this model is termed in the literature the inherent flaw model . Combining equations ( 2 ) and ( 3 ) yields:
The inherent flaw model of WEK is a two parameter model, i.e unnotched strength, s 0 , and the characteristic length, a c , which does not depend on the original crack length and can be considered as a material parameter. These can
be obtained by conducting two tests: one unnotched to determine s 0 and one notched with a given crack length from which a c can be determined. In the present study a simple relation is used for the inherent flaw length to improve the accuracy while evaluating the tensile fracture strength of graphite/epoxy and nylon/glass polymide centre cracked specimens.
2.RELATION FOR INHERENT FLAW LENGTH
The above stress fracture criterion is a two parameter model based on the unnotched strength (s 0 ) and a characteristic dimension (a c ). A minimum of two notched specimen tests are required, normally more tests are performed to take into account the scatter in test results. The notched tensile strength of an infinite width plate (s N ¥ ) is obtained by multiplying the experimental notched strength of a finite width plate (s 0 ) by a correction factor (Y). For the case of centre cracked specimen, the stress intensity factor [2] ,
where the finite width correction factor,
Using equation (4), the inherent flaw length can be obtained from
by substituting the values of s N ¥ , s 0 and c. The values of stress intensity factor ( K Q¥ ) are obtained by using the values of s 0 and a c in equation (3).
Following the two parameter fracture criterion [ 3, 4 ] , a linear relation between K Q¥ and s N ¥ is proposed as
The parameters K F and m in equation ( 8 ) are determined by a least-square curve fit to the data of K Q¥ ,s N ¥ and s 0 . It is assumed that 0 £ m £ 1. Whenever m is found to be greater than unity,
3.FRACTURE STRENGTH EQUATION
After determining the parameters K F and m in equation ( 8 ), the fracture strength of laminate configurations for the specified crack size can be determined as follows. Using equations ( 3 ) and ( 8 ) For any specified value of c, ( s N ¥ / s 0 ) can be determined from the solution of the quartic equation ( 9 ) through Newton-Raphson iterative scheme. The notched strength of a finite width plate is then obtained by dividing the determined s N ¥ with correction factor ( Y ).
4.RESULTS AND DISCUSSION
The applicability of the linear relation between K Q¥ and s N ¥ given by equation ( 8 ) for the inherent flaw length to estimate fracture strength of cracked composite laminates, is examined by considering the fracture data on graphite/epoxy [5] and nylon/glass polymide [ 6 ] . Table 1 gives a good comparison of the present analytical and experimental results of AS4/3502 graphite/epoxy generated by Tan [ 5 ] . The relative error is
the parameter m has to be truncated to 1 by suitably modifying the parameter K F with the fracture data. If m is found to be less than zero, the parameter m has to be truncated to zero and the average of K Q¥ values from the fracture data yields the parameter K F . The linear relationship between K Q¥ and s N ¥ in equation ( 8 ) represents the inherent flaw length as a quadratic polynomial in terms of s N ¥ /s 0 . Variation of the inherent flaw length depends upon the value of parameter m. When m is zero, the inherent flaw length is independent of the notch size. Table 2 gives the fracture parameters for nylon/ glass polymide. Fig. 1 shows a comparison of the present model with those obtained by the complex analysis of Tan [ 5 ] . The results obtained from the present simple model are found to be very close to those presented by Tan [ 5 ] .
Both analytical results are found to be in good agreement with the test results. It can be seen from Fig. 2 that the present analytical results are very close to the test results of nylon/glass polymide [ 6 ] , whereas large disparity is noted from the analytical results of original IFM as presented by Toll and Aronsson [ 6 ] . It can be concluded that the proposed modifications in the inherent flaw model successfully predict the fracture strength of cracked composite plates.
